The molecular mechanism underlying induction by cocaine of ⌬FosB, a transcription factor important for addiction, remains unknown. Here, we demonstrate a necessary role for two transcription factors, cAMP response element binding protein (CREB) and serum response factor (SRF), in mediating this induction within the mouse nucleus accumbens (NAc), a key brain reward region. CREB and SRF are both activated in NAc by cocaine and bind to the fosB gene promoter. Using viral-mediated Cre recombinase expression in the NAc of singleor double-floxed mice, we show that deletion of both transcription factors from this brain region completely blocks cocaine induction of ⌬FosB in NAc, whereas deletion of either factor alone has no effect. Furthermore, deletion of both SRF and CREB from NAc renders animals less sensitive to the rewarding effects of moderate doses of cocaine when tested in the conditioned place preference (CPP) procedure and also blocks locomotor sensitization to higher doses of cocaine. Deletion of CREB alone has the opposite effect and enhances both cocaine CPP and locomotor sensitization. In contrast to ⌬FosB induction by cocaine, ⌬FosB induction in NAc by chronic social stress, which we have shown previously requires activation of SRF, is unaffected by the deletion of CREB alone. These surprising findings demonstrate the involvement of distinct transcriptional mechanisms in mediating ⌬FosB induction within this same brain region by cocaine versus stress. Our results also establish a complex mode of regulation of ⌬FosB induction in response to cocaine, which requires the concerted activities of both SRF and CREB.
Introduction
The nucleus accumbens (NAc) is a key neural substrate for drugs of abuse. One transcription factor implicated in mediating the lasting effects of abused drugs on this brain region is ⌬FosB, a splice product of the fosB gene, which accumulates in NAc uniquely in response to repeated drug exposure and contributes significantly to the altered patterns of gene expression seen in the drug-treated state (McClung and Nestler, 2003; Renthal et al., 2009) . ⌬FosB has been proposed as a potential molecular switch guiding the transition from recreational drug use to the chronically addicted state, because its accumulation in NAc enhances rewarding responses to several drugs of abuse (Nestler, 2008) . However, the mechanism responsible for drug-induced ⌬FosB accumulation in NAc remains unknown.
Exposure to cocaine activates several intracellular signaling cascades in NAc (Matamales and Girault, 2011) , including the cAMP-protein kinase A (PKA), Ca 2ϩ -CaMKII (Loweth et al., 2008; Robison et al., 2011) , and extracellular signal regulated kinase (ERK) (Valjent et al., 2000) pathways. These pathways lead to the phosphorylation of several transcription factors, in particular, serum response factor (SRF) and cAMP response element binding protein (CREB) . Both of these activity-dependent transcription factors have been implicated in the induction of several immediate early genes, including c-fos, fosB, egr1, and arc (Knöll and Nordheim, 2009 ). We previously demonstrated that SRF is required for ⌬FosB induction in NAc by chronic social defeat stress (Vialou et al., 2010b) . However, we and others have found that SRF is not required for the induction by cocaine of ⌬FosB within this same brain region (Parkitna et al., 2010; Vialou et al., 2010b ).
Here we demonstrate that the selective knock-out of both CREB and SRF from the adult NAc blocks ⌬FosB induction by cocaine, whereas the knock-out of CREB alone (like the knockout of SRF alone) has no effect. Chromatin immunoprecipitation (ChIP) confirms that both transcription factors are enriched at the fosB gene promoter after cocaine exposure. Consistent with these molecular data and the known ability of ⌬FosB to mediate sensitized drug responses (Nestler, 2008) , we show further that the loss of ⌬FosB accumulation achieved via the double knockout of CREB and SRF from NAc is associated with decreased rewarding and locomotor actions of cocaine, effects not seen in the single knock-outs. Finally, we demonstrate that ⌬FosB induction by chronic social defeat stress is unaffected by the deletion of CREB alone from NAc, further establishing distinct mechanisms of ⌬FosB regulation by stress versus cocaine.
This novel interplay between CREB and SRF in the context of cocaine suggests that the two activity-dependent transcription factors can compensate for each other under certain circumstances and may represent an important homeostatic mechanism regulating an individual's sensitivity to drugs of abuse.
Materials and Methods
Animals. Eight-week-old C57BL/6J male mice (The Jackson Laboratory) were used. All mice were habituated to the animal facility for Ն1 week before experimental manipulations and were maintained at 23-25°C on a 12 h light/dark cycle (lights on from 7:00 A.M.) with ad libitum access to food and water. Experiments were conducted in accordance with guidelines of the Society for Neuroscience and the institutional animal care and use committee (IACUC) at Mount Sinai.
Srf fl/fl and Creb fl/fl mice were generated as described previously (Ramanan et al., 2005; Covington et al., 2011) . Double-floxed mice were obtained by crossing the two lines. NAc-specific knock-out of SRF and CREB was achieved by injecting an adeno-associated virus (AAV) vector expressing Cre recombinase fused to green fluorescent protein (AAVCre-GFP) or AAV-GFP as a control as described previously (Maze et al., 2010; Vialou et al., 2010b) . Briefly, mice were anesthetized using a mixture of ketamine (10 mg/kg) and xylazine (1 mg/kg), and the following stereotaxic coordinates were used for viral delivery: ϩ1.6 (anterior/posterior), ϩ1.5 (lateral), Ϫ4.4 (dorsal/ventral) at an angle of 10°from the midline (relative to bregma). A total of 0.5 l of purified virus was delivered bilaterally over a 5 min period (0.1 l/min), followed by 5 min of rest. Mice were tested 3 weeks after surgery, and viral injection sites were confirmed for all mice using standard histological methods. No overlap between Cre expression and SRF or CREB staining was observed by immunohistochemistry (see Fig. 1 ), thus confirming the knock-outs.
Conditioned place preference. Conditioning was performed exactly as described previously (Vialou et al., 2010b) and consisted of two rounds of training for cocaine and saline. Briefly, 3 weeks after intra-NAc injections of AAV-GFP or AAV-Cre-GFP, mice were placed into the middle chamber of our conditioning apparatus, which consist of two contextually distinct chambers on either side (Med Associates). There are no group differences in bias for either chamber, although conditioning groups were further balanced to adjust for any small chamber bias that might still exist. On 2 successive days, mice were injected with saline in the morning (between 8:00 A.M. and 10:00 A.M.) and confined to one chamber for 30 min, and then the mice were injected with cocaine in the afternoon (between 3:00 P.M. and 5:00 P.M.) and confined for 30 min to the other chamber, equaling a total of two rounds of association training per treatment (two saline and two cocaine pairings). On the test day, mice were placed back into the apparatus without treatment for 20 min (between 12:00 P.M. and 2:00 P.M.) and evaluated for side preference. Locomotor responses to cocaine were assessed via beam breaks in the cocaine-paired chambers to ensure effectiveness of drug treatment. For all groups, baseline locomotion in response to saline was assessed to ensure that locomotion was not affected by viral treatment. Three doses of cocaine (4, 7.5, and 12 mg/kg, i.p.) were tested in separate groups of mice. A vehicletreated group was included as an additional control.
Locomotor sensitization. Locomotor activity was recorded during the pairing sessions of the conditioned place preference (CPP) experiments. To extend this analysis beyond two exposures to cocaine, we injected the mice with one additional dose of cocaine (12 mg/kg, i.p.) while the mice were confined to their cocaine-paired compartment in the CPP apparatus. A significant increase in locomotor activity between the first and last cocaine exposures confirmed sensitization to the drug.
Immunohistochemistry. Validation of knock-outs and quantification of ⌬FosB-immunopositive cells were performed as described previously (Vialou et al., 2010b; Covington et al., 2011) . The number of GFPimmunopositive cells, counted as negative and positive for ⌬FosB (1: 1000, catalog #sc-48; Santa Cruz Biotechnology), was quantified in multiple images for each mice, with mean values subsequently calculated for each mice. Each mice was considered an individual observation for statistical analysis.
Western blotting. Mice received seven daily intraperitoneal injections of saline or cocaine (20 mg/kg) in their home cage. The acute group received 6 d of saline and a single dose of cocaine on day 7. Mice were killed 1 h after the final injection, and NAc punch dissections were processed as described previously (Vialou et al., 2010b) . Western blots were probed using an antibody to phospho-Ser103-SRF (1:1000, catalog #4261; Cell Signaling Technology), SRF (1:1000; Santa Cruz Biotechnology), phospho-Ser133-CREB (1:1000, catalog #9198; Cell Signaling Technology), CREB (1:1000, catalog #06-863; Millipore), or GAPDH (1:1500, catalog #ab9483; Abcam) and were then scanned and quantified using Odyssey imaging system (LI-COR Biosciences).
ChIP. ChIP was performed as described previously (Lee et al., 2006; Renthal et al., 2009; Vialou et al., 2010b) with minor modifications. The antibodies used were anti-phospho-SRF (catalog #4261; Cell Signaling Technology), anti-phospho-CREB (catalog #06-519; Millipore), anti-CREB (catalog #31387; Abcam), and anti-nuclear factor B (NFB) p65 (catalog #7970; Abcam). In brief, bilateral NAc punches from saline-or cocaine-treated mice were collected 1 h after the last injection. They were then flash frozen and stored at Ϫ80°C until use. For ChIP, tissue was crosslinked in 1% formaldehyde for 12 min, followed by glycine incubation for 5 min. Extracts were homogenized, lysed in lysis buffers (http://jura.wi.mit.edu/young_public/hES_PRC/ChIP.html), and sonicated using a Bioruptor (UCD-400 TM; Diagenode) for ϳ40 cycles (30 s on, 30 s off) with continuous cooling of the water bath. The resulting lysates were incubated overnight at 4°C with Dynal magnetic beads that had been preincubated with the appropriate antibody. Beads were then washed eight times with RIPA buffer and one time with Tris-EDTA containing 50 mM NaCl. The samples were eluted from the beads by heating at 65°C and reverse crosslinked by overnight incubation at 65°C. One hundred microliters of input lysate were also reserved after sonication and treated for crosslink reversal. After RNAse A and proteinase K treatments, the DNAs were purified by Qiagen quick PCR purification kit.
Binding to the fosB promoter was determined by qPCR using primers spanning a region of the promoter containing a serum response element (SRE) and a cAMP response element (CRE). The following primers were used: fosB, forward, CCCTCTGACGTAATTGCTAGG and reverse, CCAA GGCTGCGTTCTGAG; egr2, forward, GTGAAGGAGGGGTTTGACTG and reverse, ATTCCGGTTCTCCGAGACTT; gria1, forward, GGAATCAG CGCAAAATGACT and reverse, TGCAGGGTGCAGGAATCTAT.
Statistical analyses. Data are expressed as mean Ϯ SEM. One-way ANOVAs were used to compare means across saline, acute cocaine, and chronic cocaine groups in biochemical analyses. Two-way ANOVAs were used to compare ⌬FosB induction by cocaine in SRF-CREB double knock-out and CREB single knock-out mice, as well as locomotor sensitization to cocaine. Student's t tests were used to compare means in the effect of SRF-CREB and CREB knock-outs on cocaine place conditioning and ChIP. Differences between experimental conditions were considered statistically significant when p Ͻ 0.05.
Results

Effect of CREB and SRF knock-out on cocaine induction of ⌬FosB in NAc
We previously observed that SRF is not required for ⌬FosB induction in NAc by cocaine (Vialou et al., 2010b) . Because the fosB promoter contains a CRE, as well as an SRE (Lazo et al., 1992) , recognized, respectively, by CREB and SRF, we initially hypothesized that CREB might mediate ⌬FosB induction by cocaine. To test this hypothesis, we used Creb fl/fl mice to generate a conditional knock-out of CREB in the NAc of adult mice (Covington et al., 2011) . Creb fl/fl mice were stereotaxically injected intra-NAc with AAV-Cre-GFP or AAV-GFP (Fig. 1) . NAc-specific knockout of CREB induced by AAV-Cre-GFP was confirmed immunohistochemically (data not shown) (Covington et al., 2011). We then performed quantitative immunohistochemistry for ⌬FosB-expressing cells in NAc of saline-or cocaine-treated Creb fl/fl mice injected with AAV-Cre-GFP or AAV-GFP. Chronic cocaine induced an equivalent increase in ⌬FosB expression in NAc of both groups of mice ( Fig. 1 A-1) , demonstrating that the activity of CREB alone is not required for ⌬FosB induction. Given the lack of effect of knocking out SRF or CREB on cocaine induction of ⌬FosB in NAc, we next hypothesized that perhaps the two transcription factors can compensate for the loss of the other and that both might be required for ⌬FosB induction. To test this alternative hypothesis, we injected doublefloxed Srf fl/fl -Creb fl/fl mice intra-NAc with AAV-Cre-GFP or AAV-GFP. NAc-specific knock-out of both CREB and SRF driven by AAV-Cre-GFP was confirmed immunohistochemically: there was zero overlap between CREB or SRF staining and Cre expression (Fig. 1 B-1,B-2) . We then treated double-floxed mice, injected intra-NAc with AAV-Cre-GFP or AAV-GFP, with repeated saline or cocaine and quantified ⌬FosB expression. Local knock-out of both transcription factors completely blocked the ability of repeated cocaine to induce ⌬FosB (virus ϫ treatment interaction, F (1, 14) ϭ 12.33, p Ͻ 0.01; Bonferroni's post hoc test, p Ͻ 0.01 vs saline) (Fig. 1 B-2,B-3) . Interestingly, neither the single knock-out of CREB or SRF nor the double knock-out of both factors affected baseline levels of ⌬FosB (see Discussion).
Cocaine regulation of CREB and SRF in NAc
To understand the mechanism by which CREB and SRF mediate ⌬FosB induction by cocaine, we evaluated the levels of the active, phosphorylated forms of the two factors. Chronic cocaine increased phospho-SRF (F (2,21) ϭ 8.13, p Ͻ 0.01; t tests with a Bonferroni's correction, p Ͻ 0.01, chronic vs saline), as well as phospho-CREB in NAc (F (2,22) ϭ 2.072, p Ͼ 0.05; t tests, t (13) ϭ 2.173, p Ͻ 0.05, chronic vs saline) (Fig. 2 A, B) , the latter consistent with published reports for phospho-CREB (Cole et al., 1995; Simpson et al., 1995; Turgeon et al., 1997; Marin et al., 2009 ). There were nonsignificant trends for similar effects of acute cocaine. Data were analyzed as ratios of phospho-protein to GAPDH, because the phosphorylated forms of the proteins are biologically active; hence, the absolute levels of their phospho forms represent the best measure of their transcriptional activity. We next used ChIP to examine whether the binding of phospho-SRF or phospho-CREB to the fosB gene promoter was altered after chronic cocaine. Such cocaine treatment enhanced the binding of both transcription factors to the fosB promoter in NAc compared with saline-treated mice (phospho-SRF, t (21) ϭ 2.476, p Ͻ 0.05; phospho-CREB, t (10) ϭ 2.216, p Ͻ 0.05) (Fig. 3A) . We previously found no difference in the binding of total SRF after cocaine exposure (Vialou et al., 2010b) , suggesting that it is the activated form of SRF that becomes enriched at the fosB promoter after cocaine. Similar data were obtained for CREB: despite increased binding of phospho-CREB to the fosB gene, cocaine did not influence levels of total CREB binding (Fig. 3A) . This is consistent with the view that dephospho-CREB may be bound to gene promoters in the basal state, whereupon it is activated by phosphorylation. The situation for SRF may be more complicated in that SRF phosphorylation and activation affects both its binding to DNA and transcriptional activity (Janknecht et al., 1992; Iyer et al., 2003) .
A cocaine-induced increase in phospho-CREB binding was also found at the glur1 (gluA1) gene promoter, a known target of CREB (Borges and Dingledine, 2001; Olson et al., 2005) (t (9) ϭ 2.220, p Ͻ 0.05) (Fig. 3B) . Conversely, a cocaine-induced increase in phospho-SRF binding was observed at the egr2 gene promoter, a known target of SRF (Ramanan et al., 2005; Parkitna et al., 2010) (t (10) ϭ 2.715, p Ͻ 0.05) (Fig. 3C) . Cocaine is also known to induce another transcription factor, NFB, in NAc ), but we observed no change in the binding of NFB to the fosB gene promoter (Fig. 3A) . These experiments demonstrate the specificity of our ChIP assays and further support a unique coordinated role for phospho-CREB and phospho-SRF in controlling ⌬FosB induction by cocaine.
Behavioral effects of cocaine on CREB and SRF knock-out from NAc
Our results establish that CREB contributes to ⌬FosB induction in NAc by repeated cocaine. However, previous work has demonstrated opposite functional roles for CREB versus ⌬FosB in the regulation of cocaine reward, with CREB reducing drug reward and ⌬FosB increasing it (Nestler, 2001) . To gain insight into these phenomena, we studied rewarding responses to cocaine by using of CPP assays, in mice with single CREB knock-out or double CREB-SRF knock-out from NAc. We had shown previously that single SRF knock-out from this brain region has no effect on cocaine place conditioning (Vialou et al., 2010b) .
Deletion of CREB only in NAc increased cocaine place preference (t (19) ϭ 1.955, p Ͻ 0.05) (Fig. 4 A) : AAV-GFP-injected Creb fl/fl mice showed no preference for a moderate dose of cocaine (7.5 mg/kg), whereas AAV-Cre-GFP-injected Creb fl/fl mice showed robust place conditioning. Dose-response analyses revealed that both control and CREB-selective knock-out mice spend significantly more time in the environment paired with higher doses of cocaine (12 mg/kg) but show no preference for a lower dose of cocaine (4 mg/kg) (Fig. 4 A) . These results are consistent with the increased sensitivity to cocaine observed after overexpression of a dominant-negative CREB mutant in this brain region (Carlezon et al., 1998; Barrot et al., 2002; Sakai et al., 2002) . In striking contrast, double CREB-SRF floxed mice injected with AAV-Cre-GFP displayed reduced place conditioning to a moderate dose of cocaine (7.5 mg/kg) compared with AAV-GFP-injected mice (t (34) ϭ 1.757; p Ͻ 0.05) (Fig. 4 B) . Such a decrease in cocaine sensitivity was also observed with a low dose of cocaine (4 mg/kg) but was not significant (t (19) ϭ 1.488, p ϭ 0.077). At a high dose of cocaine (12 mg/kg), double CREB-SRF floxed mice given AAV-Cre-GFP or AAV-GFP displayed equivalent place preferences (Fig. 4 B) . These findings are consistent with the loss of ⌬FosB induction in the double knock-outs: previous observations established that overexpression of ⌬FosB in NAc increases the rewarding effects of cocaine, whereas expression of a dominant-negative antagonist exerts the opposite effect (Kelz et al., 1999; Colby et al., 2003; Peakman et al., 2003) .
Another behavioral effect of repeated exposure to cocaine is the progressive enhancement in the hyperlocomotor effects elicited by the drug, termed locomotor sensitization. NAc-selective deletion of CREB increased locomotor sensitization to cocaine (F (3,72) ϭ 4.164, p Ͻ 0.01; Bonferroni's post hoc test, p Ͻ 0.001 vs GFP, vs saline) (Fig. 4C ): AAV-GFP-injected Creb fl/fl control mice showed significant sensitization for a high dose of cocaine (12 mg/kg) (t (14) ϭ 1.833, p Ͻ 0.05), and this sensitization was significantly greater in AAV-Cre-GFP-injected Creb fl/fl mice (t (15) ϭ 2.480, p Ͻ 0.05). This effect of the local CREB knock-out is consistent with the potentiated cocaine CPP observed under these conditions. Conversely, double CREB-SRF mice injected with AAV-Cre-GFP showed no locomotor sensitization (Fig.  4 D) , whereas their GFP-injected counterparts did (F (3,60) ϭ 0.2100, main effect of virus and drug; Bonferroni's post hoc test, p Ͻ 0.001 vs saline). The lack of cocaine sensitization could be explained by the loss of ⌬FosB induction in the double knockouts, because ⌬FosB overexpression in NAc increases locomotor sensitization to cocaine (Kelz et al., 1999; Ulery et al., 2008) . NAc-specific knock-out of CREB alone or both CREB and SRF had no effect on acute locomotor responses to cocaine.
Behavioral effects of chronic stress on CREB knock-out from NAc
We recently showed that chronic exposure to social defeat stress induces ⌬FosB in the NAc through SRF: induction was blocked completely in Srf fl/fl mice injected intra-NAc with AAV-Cre-GFP Chronic cocaine increases phospho-SRF (A) and phospho-CREB (B) protein levels in NAc 1 h after the last injection detected by Western blots. Acute cocaine induces similar changes, although they are not significant. C, D, No differences were observed in total levels of SRF or CREB (n ϭ 6 -8 per group). *p Ͻ 0.05 versus saline. (Vialou et al., 2010b) . In other studies, CREB was implicated in the defeat stress-induced depressive-like phenotype, which was attenuated in mice with a local knock-out of CREB from this brain region (Covington et al., 2011). Because SRF activation and ⌬FosB induction by chronic defeat stress have both been shown previously to mediate resilience to the deleterious effects of chronic stress (Vialou et al., 2010a) , we hypothesized that CREB activation by defeat stress is not required for ⌬FosB induction under these conditions. To test this hypothesis, we subjected Creb fl/fl mice, injected intra-NAc with AAV-Cre-GFP or AAV-GFP, to chronic social defeat stress and examined ⌬FosB induction. As expected, local knock-out of CREB alone did not attenuate ⌬FosB induction in NAc by social defeat stress (Fig.  5A ). To more completely characterize the behavioral phenotype obtained on NAc-selective knock-out of CREB, we analyzed anxiety-like behavior in the open-field and O-maze tests. We found that loss of CREB from NAc was anxiogenic in both assays (Fig. 5B) , consistent with the behavioral effects of overexpressing dominant-negative mutant CREB in this brain region (Barrot et al., 2002) .
Discussion
This study identified both CREB and SRF as upstream mediators of ⌬FosB induction in NAc by chronic cocaine. We show that repeated exposure to cocaine activates both CREB and SRF in this brain region and that both factors display increased binding to the fosB gene promoter under these conditions. Although deletion of each transcription factor alone from NAc did not affect cocaine induction of ⌬FosB, deletion of both CREB and SRF completely blocked this induction. These findings support a complex mode of regulation of ⌬FosB induction in response to cocaine exposure, which requires the concerted activities of both transcription factors. Our results also highlight the distinct molecular mechanisms underlying the induction of ⌬FosB within NAc in response to repeated cocaine versus repeated stress.
Distinct roles of CREB, SRF, and ⌬FosB in addiction and stress models
A large literature supports the view that CREB activation in NAc mediates neural adaptations by drugs of abuse that oppose drug reward (Carlezon et al., 2005; Blendy, 2006; Dinieri et al., 2009) . CREB is also activated in this brain region by chronic stress, in which it contributes to depression-like maladaptations (Barrot et al., 2002; Carlezon et al., 2005; Covington et al., 2011) . More recently, CREB activation in NAc has been shown to also enhance motivation to self-administer cocaine (Larson et al., 2011) . However, given the preponderance of evidence that CREB activation in this brain region induces a negative emotional state, our hypothesis is that CREB increases drug self-administration via a process of negative reinforcement (Larson et al., 2011 ). In contrast to CREB, we demonstrated recently that SRF is activated in NAc by chronic stress but mediates a pro-resilience effect in part through the induction of ⌬FosB (Vialou et al., 2010b) .
We show in the present study that deletion of both SRF and CREB from NAc reduces cocaine place conditioning and locomotor sensitization, consistent with the loss of ⌬FosB induction seen under these conditions. In dramatic contrast, we show that the deletion of CREB alone enhances cocaine place conditioning and locomotor sensitization, and we demonstrated previously that deletion of SRF alone had no effect on behavioral responses to cocaine (Vialou et al., 2010b) . The enhancement of behavioral responses to cocaine in mice lacking CREB only in NAc is consistent with previous studies showing that overexpression of a dominant-negative CREB mutant increases cocaine reward (Carlezon et al., 1998; Barrot et al., 2002) , thereby validating these previous overexpression studies with our current deletion of endogenous CREB expression. In contrast to our data, knock-out of CREB from the entire brain at early developmental stages showed no effect on cocaine CPP (Valverde et al., 2004) , suggesting opposite contributions of other brain regions or compensatory mechanisms during development. These considerations emphasize the importance of using brain-region-specific manipulations in adult animals. The finding of qualitatively opposite behavioral effects on double knock-out of CREB and SRF versus single knock-out of CREB is striking. Our data support a scheme wherein CREB knock-out alone does not affect ⌬FosB induction but blocks numerous adaptations to cocaine that normally serve to blunt cocaine responses, consistent with previous investigations (McClung and Nestler, 2003; Dong et al., 2006) . In contrast, knock-out of SRF and CREB blocks ⌬FosB induction and presumably other gene targets that require both transcription factors, which mediate sensitized drug responses; the loss of these pro-sensitization mechanisms then predominates and leads to diminished drug responsiveness.
Results of the present study likewise clarify the actions of CREB in stress models. We have shown previously that knockdown of CREB function in NAc exerts pro-resilience and antidepressant-like effects in several behavioral models (Carlezon et al., 2005; Covington et al., 2011) . This is congruent with the lack of effect of CREB knock-out from NAc on ⌬FosB accumulation after stress exposure, because ⌬FosB has been shown to mediate proresilience and antidepressant-like behaviors (Vialou et al., 2010a,b) .
We have hypothesized that the opposite effects of CREB and ⌬FosB on drug reward reflect their involvement in different aspects of addiction: for example, CREB might underlie the early dysphoric phase of withdrawal, whereas ⌬FosB might mediate more prolonged drive for drug use (Nestler, 2004) . Such behavioral data are consistent with the observation that the two transcription factors regulate primarily distinct sets of target genes in NAc, with opposite effects exerted on the smaller subset of genes regulated in common (McClung and Nestler, 2003; Renthal et al., 2009 ). Early progress is being made in identifying some of the target genes in NAc important for the ⌬FosB and CREB behavioral phenotypes. As just one example, ⌬FosB increases drug sensitivity in part by increasing GluR2 (GluA2)-containing AMPA receptors (Kelz et al., 1999; Vialou et al., 2010a) , whereas CREB decreases drug sensitivity in part by inducing dynorphin (Carlezon et al., 2005) , by inducing GluR1 (Olson et al., 2005) , and by generating silent synapses via increased levels of NR2B-containing NMDA receptors (Brown et al., 2011) . Additional work is needed to more completely characterize the range of target genes regulated by ⌬FosB and CREB in NAc and to investigate the contribution of SRF to these genomic responses to cocaine as well.
Distinct transcriptional mechanisms underlying ⌬FosB induction in addiction and stress models A fascinating finding of the present study is that two chronic stimuli-cocaine and stress-that induce ⌬FosB in NAc medium spiny neurons (MSNs) do so via distinct transcriptional mechanisms. Stress induction of ⌬FosB requires SRF, with CREB having no effect despite also being activated by stress, whereas cocaine induction of ⌬FosB requires both factors with loss of either factor alone having no effect. One possibility is that different cell types are involved. Although cocaine induction of ⌬FosB is specific for MSNs that express D 1 dopamine receptors, stress induction of ⌬FosB occurs approximately equally in MSNs that express D 1 receptors and those that express D 2 receptors (Kelz et al., 1999; Perrotti et al., 2004) . However, this cellular specificity would not appear to explain the different roles of CREB and SRF in cocaine versus stress conditions, because we have observed all-or-none phenomena: loss of CREB or SRF alone has no detectable effect on ⌬FosB induction by cocaine.
An alternative possibility is that cocaine and stress induce ⌬FosB in NAc MSNs through the activation of distinct signaling pathways, which differentially affect CREB versus SRF. However, this would not appear to be the case, because both transcription factors are activated in response to cocaine or stress. Both CREB and SRF are activated by postsynaptic Ca 2ϩ signaling (hence synaptic activity), as well as enhanced neurotrophic and ERK signaling (Bading et al., 1993; Xia et al., 1996; Johnson et al., 1997; Chang et al., 2004; Kalita et al., 2006; Knöll and Nordheim, 2009) . A recent study points to a role for Elk-1 in cocaine induction of ⌬FosB (Besnard et al., 2011) . Elk-1 forms a complex with SRF to bind SREs, further supporting a role for SRF in ⌬FosB induction by cocaine. Alternatively, cocaine activation of the PKA/cAMP pathway activates CREB but does not appear to regulate SRF. Cocaine increases dopamine and neurotrophin signaling in NAc, suggesting that ⌬FosB induction might be dopamine or neurotrophin dependent. In contrast, ⌬FosB is induced in NAc after chronic social defeat stress only in resilient mice (Vialou et al., 2010a) , which display normal levels of neurotrophin signaling and firing of ventral tegmental area dopamine neurons that innervate the NAc (Krishnan et al., 2007) .
Thus, additional work is needed to understand why some of the same NAc MSNs require SRF only for ⌬FosB induction after stress but both SRF and CREB after cocaine. Our working hypothesis, which now requires direct examination, is that stress and cocaine are associated with other chromatin modifications at the fosB gene, which influence the inducibility of the gene in response to SRF, CREB, and presumably other factors.
Regulation of basal ⌬FosB expression CREB and SRF single or double knock-out has no effect on basal levels of ⌬FosB in NAc. ⌬FosB is expressed at appreciable basal levels uniquely in NAc (and dorsal striatum) compared with other brain regions in naive animals (Nye et al., 1995; , and such expression levels are important in setting an individual's basal motivational state with respect to natural rewards and stress vulnerability (Wallace et al., 2008; Vialou et al., 2010a) . Moreover, basal levels of phospho-CREB and phospho-SRF are relatively low in NAc. These observations indicate that other transcriptional mechanisms are important for maintaining basal ⌬FosB levels but not its induction by cocaine or stress. The fosB gene promoter contains cis-regulatory elements for other transcription factors, such as specific protein 1 and CCAATenhancer binding protein (Lazo et al., 1992) , which regulate fosB gene expression in cardiac myocytes (Jindal and Goswami, 2011 ). The involvement of these or perhaps other factors in maintaining high basal levels of ⌬FosB in NAc now requires direct investigation.
Conclusions
Our data support a model in which cocaine exposure activates multiple intracellular pathways involved in the accumulation of ⌬FosB in NAc. These findings also highlight the versatility of CREB and SRF in controlling ⌬FosB, a transcription factor strongly implicated in neuronal adaptations to drugs of abuse and stress. Gaining a better understanding of the interplay between the transcriptional actions of SRF and CREB in regulating cocaine reward will aid in the identification of novel gene targets involved in addiction and may facilitate the future development of more effective therapies.
